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ABSTRACT

Objective: the subthalamic nucleus (STN) has gained
importance as a focus for histological, anatomical and
imaging research due to its implications in modulation
basal ganglia output and Parkinson’s disease. Little is
known about the intrinsic organization of the STN. More
information is needed to understand its role in the central
nervous system (CNS) and allow more accurate planning
in Functional Neurosurgery. We describe a method
capable of delineating the boundaries of gray matter
that could be used to study the internal architecture of
the STN. Methods: eighty-seven patients were randomly
selected from a magnetic resonance (MR) diffusion
tensor imaging (DTI) data bank. From these cases, we
selected forty-four in which DTI showed the STN, but
not the substantia nigra (SN) in the same image. After
initial scrutiny, we excluded fourteen patients with
tumors in the brain stem, mass effect, hydrocephalus
or obvious malformations. We developed an algorithm
by selecting the region of Interest in the STN as identified
by the Isotropic Image instead of the Anisotropic one.
Results: after reviewing these 30 studies, we identified
regions of track concurrency (RTC). In all cases
reviewed, RTC showed a hierarchical position from
medial to lateral according to the longitudinal axis of
the STN and the origin of the fibers. This arrangement
revealed a more medial position of the fibers with
connection to the parietal, frontal posterior and frontal
polar cortex (Brodmann”s areas 7, 4 and 11), a central
position for the fibers interacting with the corpus
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callosum and a lateral position of the fibers interacting
with the frontal-medial cortex. Conclusion: the technique
described allows fiber tracking in the gray matter,
undetectable by other imaging methods. It has helped
detail the description of STN architecture, evidencing a
constant hierarchical position regarding its
interconnections. This information helps elucidate the
architectural complexity of this nucleus and may prove
of use during implantation and programming
procedures employed in Deep Brain Stimulation (DBS).

Key word: subthalamic nuclei imagining, use in
stimulation.

ARQUITECTURAY VIAS DE LOS NUCLEOS
SUBTALAMICOS ESTUDIADAS POR IMAGEN DE
ISOTOPOS

RESUMEN

Los nucleos subtalamicos son un foco importante de
la investigacion por que se consideran una estructura
importante en la modulacion de la actividad de los
ganglios basales. Poco se conoce de la organizacion
de estos nucleos (STN). Esta informacion se necesita
para la planeacién de la neurocirugia funcional. Con
este método con el que se reconocen los limites de la
sustancia gris se puede conocer la arquitectura interna
de los ndcleos subtdlamicos. Se seleccionaron 90
pacientes al azar de imagen de resonancia magnetica
e imagen de difusion y de ellos se seleccionaron 44
para el estudio donde no se visualiza la sustancia negra,
otros 14 fueron excluidos por tener hidrocefalia, tumores
o malformaciones. Después de revisar 30 pacientes
identificamos regiones de concurrencia de tractos
(RTC). En todos los casos revisados se encontro una
posicion jerarquica de mediano a lateral de acuerdo al
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eje longitudinal del nucleo subtalamico y del origen
de las fibras. Este arreglo previo a una posicion mas
medial a las fibras con conexién a las regiones parietal
frontal y una posicién central a las conexién con el
cuerpo calloso y la parte medio frontal. En conclusién
se encontrd una técnica de localizacion de fibras no
posible anteriormente y esto ayuda a la comprension
de este complejo de nucleos lo cuél ayudara a la mejor
implantacion de electrodos y en la estimulacion
profunda (DBS).

Palabras clave: localizacion de nlcleos subtalamicos
uso en la estimulacion profunda.

t is generally accepted that there is a strong

relationship between the microscopic

morphology of tissue, which governs the self-
diffusion of water, and the macroscopic results of
Diffusion weighted imaging (DWI)!. The anatomical
connectivity pattern of a certain brain region determi-
nes its function?. Although invasive tracer studies have
produced a large body of evidence concerning
connectivity patterns in non-human animals®4, direct
information of brain connections in humans is very
limited. Post mortem injection of fluorescent dyes allows
tracking of tracts, but only for distances of tens of
millimeters®. Longer distance connections can be
investigated by dissection of major tracts or
histological studies of remote degeneration following
focal lesions®, but such work is based on a relatively
small number of specimens. A specific, important target
for functional and cytoarchitectural correlation research,
is the Subthalamic Nucleus, (STN) due to its
implications in modulation of basal ganglia output and
Parkinson’s disease (PD)’. Regarding the intrinsic
organization of the STN, it is thought that the caudal
third of the nucleus and the dorsolateral portion of the
rostral two-thirds are related to motor circuits. The ven-
tral portion of the rostral two-thirds is considered
associative territory. The medial portion of the rostral
two-thirds is presumably associated to limbic, and
partly, associative territories®®.

Diffusion imaging characterizes the apparent
diffusion properties of water'®t, The diffusion tensor is
an ellipsoidal approximation of directional anisotropy
of diffusion, which shows the distance covered in 3D
space by molecules in a certain diffusion time!213, In
tissues with a high degree of directional organization,
diffusion of water protons is facilitated in different
directions.

In brain’s white matter, the principal diffusion
direction aligns well with the orientation of major fibers
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in each imaging voxel*?. The development of diffusion
Tensor Imaging (DTI) techniques has enabled tracing of
large fiber tracts in the living human brain*?2, Not
surprisingly, many clinical applications of anisotropism
analysis are evidenced in the literature®!>1°, In contrast,
clinical application of isotropism remains to be fully
explored. Although neural fibers, such as axons, are
known to show significant anisotropism, the remaining
structures, including neural and glial cell bodies,
especially their nuclei, are believed to essentially
exhibit isotropism?2,

By using an isotropic imaging algorithm to
target the Regions of Interest (ROI), we were able to
infer anatomical connectivity of gray matter providing
a comprehensive description of the structural
configuration of the STN. An additional result of this
approach is the possible finding of what appears to be
the anatomic rules of engagement of the different tracts
interacting in the STN.

MATERIAL AND METHODS

Eighty seven patients were randomly selected
from a MR Diffusion Tensor Imaging (DTI) data bank.
From these 87, we selected forty-seven cases in which
DTl showed the STN but not the Substantia Nigra (SN)
in the same image, since the MRI boundary between
the STN and the SN has not been clearly defined®?,
The DTI study of each case comprised 780 images
acquired by a 3T General Electric MR, using the
Functool software to perform DTI and Tracking. The
parameters were: b value = 1000, T2 images = 2,
threshold; noise = 300, Upper = 4095, Fibertrak-
Maxsteeps = 160, Fibertrak-Min FA value = 0.18,
Fibertrak Max ADC Value 0.01. After scrutiny, we
excluded seventeen patients with tumors in the brain
stem, mass effect, hydrocephalus or obvious cerebral
malformations. Of the remaning thirty, 18 were females
and 12 males, with a mean age of 38.7 Std. Dev. 16.81.
The clinical diagnosis leading to the MRI study was
seizures in 11 patients, tumors in 8 patients and
miscellaneous in 4 other patients (Parkinson’s Disease
2, Intra cerebral hemorrhage 2, Multiple Sclerosis 2).
Four patients remained undiagnosed at the time of the
study with MRI studies reported as normal.

We developed an algorithm to exclude the
fibers that do not cross the STN boundaries by
selecting the ROI from the geometric center of the STN
as identified in the Isotropic Image instead of the
Anisotropic one. Besides systematic selection of the
ROI on the STN based on anatomical and MRI
landmarks as described elsewhere, (24) we used a third
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method to ensure the actual correspondence of the
ROI with the STN, namely the coherence of fiber tracks
with previously studied known pathways of the STN” %
27, As mentioned before, we only selected ROIs for
tracking on images where Substantia Nigra (SN) was
not present in the Axial Isotropic Images, since the
boundaries between the SN and the STN have not
been well defined on IRM%#",

RESULTS

Prior to tracking, we compared the Cartesian
location displayed axially by isotropic and T2 images
to obtain a stronger evidence of the precise location
of the STN geometrical center. We found no statistic
difference among them (p= 0.5). In order to conform
the DTI and tracking images, a fully automated
probabilistic tracktography algorithm was used (see
Methods) to produce connectivity distributions from
ROI within the STN. Each tracking was repeated five ti-
mes on each image. The tracts were reproducible and
remained the same under each repeated scrutiny. Track
junctions with well defined portions of decreased
anisotropism were located where the STN was
positioned on the axial reference images within the
tracking mode. We interpreted this finding as a new
assurance of an accurate STN visualization by DTI. The
tracks were closely studied with magnification to deter-
mine their connectivity within the STN region, enabling
visualization of the interconnections processed in the
STN. After reviewing the 30 patients, we identified
regions of track concurrency (RTC). A superior or dor-
sal RTC and an inferior or ventral RTC met on the lower
anisotropic boundaries of the STN (figure 1). When a
superior RTC was not present, the fibers coming from
the superior bundles of the Central Nervous System
(CNS) ended on the inferior RTC, and when the inferior
RTC was not visible, the fibers coming from the lower
bundles of the CNS ended on the superior RTC. When
neither a superior nor an inferior RTC was visible, the
tracks continued through the STN with only minimal
junctions among fibers. We also found that the
presence of RTC seemed to mate the fibers concurring
in the STN anterior-dorsally and anterior-medially with
the ones concurring in the STN posterio-infero-laterally.
The superior RTC, whenever present, was invariably
more medial than the inferior RTC. Also, the fibers
coming laterally from the inferior RTC remained dorsal
and lateral in the STN and the fibers coming medially
from the inferior RTC passed through the anterior STN.

Besides, in all cases reviewed, the fiber tracks
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Table 1. Inferior Regions of Track Concurrencies (RTC).

1.-The medial fibers from the inferior tracks coming into the STN start their
regions of track concurrencies on the anterior - medial STN.

2.-The lateral fibers from the inferior tracks coming into the STN start their
regions of track concurrencies on the posterior-lateral STN.

Table 2. Superior Regions of Track Concurrencies (RTC). (Of fibers
coming from different areas).

Brodmann”s area #6 in same region of track concurrency as Brodmann”s area #7
Corpus callosum in same region of track concurrency as Brodmann”s area #7
Brodmann”s area #10 in same region of track concurrency as Brodmann”s area #4
Brodmann”s area #6 in same region of track concurrency as Brodmann”s area #4
Brodmann”sarea# 8insame region of track concurrency as Corpus callosum
Corpus callosum insame region of track concurrency as Brodmann” s area #6
Brodmann”sarea#9 same region of track concurrency as Brodmann”s area #6

Brodmann”s area #8 same region of track concurrency as Brodmann”s area #6
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Figure 3. Schematic view of the right STN with the observer located
at the cuneiform area in the ipsilateral occipital lobe. Notice that the
STN’s axial line over the axia plane usualy varies between the dotted
line and the red arrow.

followed an architectural protocol according to the
trajectory they were coming from (table 1). Regarding
the superior RTC, we found a hierarchical position from
medial to lateral related to the longitudinal axis of the
STN (figure 2, table 2). Such an arrangement evidences
a more medial position of the fibers connecting to the
parietal, frontal posterior and frontal polar cortex
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Figure 4A.- Coronal view of the bilateral fiber tracking obtained by
selecting the ROI using the Isotropic Image. Figure 4B.- Corona view
using the Isotropic Image where a well delineated STN can be seen
bilaterally. Please notice that the most outer boundaries of the STN
shown by the Isotropic Image were not selected in order to avoid
uncertainty of STN boundaries and a too dense, unreadable track.
FiguredC.- Corona view using a Fractional Anisotropy Image at the
same level of figure 4B. Please notice that the STN boundaries can
not be well detected with fractional Anisotropy Images (The STN’s
boundaries were already delineated in the Isotropic Image).

(Brodmann”s areas 7, 4 and 11), a central position for
the fibers interacting with the corpus callosum and a
lateral position for the fibers interacting with the fron-
tal-medial cortex.

DISCUSSION

As any other visualization method, both, DTI
and tracking have limitations that must be
acknowledged. Every precaution possible was taken to
ensure that the ROIs were accurately targeted in the
STN geometrical center. As a consequence, we are
confident that the DTI tracking images showed the
pathways encountered in the STN. The tracks were
present in the final count in different numbers, providing
a robust amount of information. However, it is the
hierarchically positioning of the tracks within the STN,
correlated to their origin and projection, which seems
to be the most interesting and promising set of data.

The findings appear to be congruent with the
current histological and clinical knowledge of the
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internal boundaries that divide the STN functionally,
contributing to a better understanding of the
physiology of this nucleus, especially within the
neurosurgical context. We must be cautious with tracks
unexpectedly detected as concurring in the same
region, (such as Brodmanns areas 4-10, 6-9) and not
evidenced by other methods, and suggest, at least for
now, that those fibers simply interact at the same
hierarchical level, without assuming that they are
integrated pathways. Further research is necessary to
correlate the variability detected by tracking images in
the STN with the response to Deep Brain Stimulation
(DBS). It is not clear if the detection of RTCs depends
on the technology involved in DTI rather than on
anatomical or physiologic considerations, and this
issue deserves further research. However, we believe
that the information obtained helps elucidate the STN"s

Figure 5A.- Left Sagital view of the Fiber Tracking performed from
a ROI over the left STN obtained from Isotropic Imaging. Figure 5B.-
Right sagital view of the fiber tracking performed from a ROI over
the right STN obtained from isotropic imaging.

Figure 6. 3D Fiber Tracking Image obtained from bilateral STNs.
Dorsocaudal view with the observer standing over the middie line.
Anteromedia zones where the superior RTCs meet with the inferior
RTCs on bilateral STN boundaries (Bilateral pointing arrow). Poster
lateral zones where the superior RTCs meet with the inferior RTCs
on bilateral STN boundaries (Bilateral stars).

complex structure given the constant hierarchical order
and trajectory of the pathways observed.

CONCLUSIONS

The method described offers highly defined
information of STN architecture, unique among non-
invasive imaging techniques, evidencing a constant
hierarchical position correlated to their origin and
projection interconnections. This information can
improve our understanding of functional and anatomi-
cal correlations within this complex nucleus and may
prove of use during implantation and programming pro-
cedures employed in DBS.
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